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INTRODUCTION {#ped412181-sec-0004}
============

Neuroblastoma (NB) is the most common extracranial solid tumor among children. Although multidisciplinary approaches have improved 5‐year event‐free survival (EFS) rates for patients in low‐ or intermediate‐risk groups, EFS for high‐risk (HR) NB is still poor.[^1^](#ped412181-bib-0001){ref-type="ref"}, [^2^](#ped412181-bib-0002){ref-type="ref"}, [^3^](#ped412181-bib-0003){ref-type="ref"}, [^4^](#ped412181-bib-0004){ref-type="ref"}, [^5^](#ped412181-bib-0005){ref-type="ref"} Chimeric antigen receptor T (CAR‐T) cell therapy is a new treatment for HR‐NB.[^6^](#ped412181-bib-0006){ref-type="ref"}, [^7^](#ped412181-bib-0007){ref-type="ref"} Here, we report on a 55‐month‐old boy with *MYCN*‐amplified NB, who received 4SCAR‐GD2‐modified T cells targeting NB as a consolidated maintenance treatment after chemotherapy, combined radiotherapy (RT) and autologous hematopoietic stem cell transplantation (ASCT), and was followed up for more than 4 years.

CASE REPORT {#ped412181-sec-0005}
===========

Ethical approval was obtained from the Ethics Committee of Beijing Children's Hospital and written informed consent was obtained from the child's guardians.

A 55‐month‐old boy was admitted in September 2014 for fever and abdominal mass. A computed tomography (CT) scan showed a 7.0 cm × 4.4 cm × 10 cm mass with sporadic calcification in his left retroperitoneum. His serum neuron‐specific enolase (NSE) level was \> 370 ng/mL, his lactase dehydrogenase (LDH) was 1224 U/L, and his urinary vanillylmandelic acid (VMA) was 11.58 µmol/L. Cranial magnetic resonance imaging (MRI) showed soft tissue masses in both the right occipital tempus and left forehead (Figure [1A](#ped412181-fig-0001){ref-type="fig"}). Positron‐emission tomography‐computed tomography (PET‐CT) scan showed hyper‐metabolic lesions. A bone scan showed multiple bone lesions. NB cells (54%--58.5%) were also found in bone marrow. Immunohistochemical testing showed positive for synaptophysin, chromogranin A, 70% Ki‐67, and S‐100 and negative for N‐myc, CD68, cytokeratin, and leukocyte common antigen. FISH showed *MYCN* gene amplification (10--12 copies). This boy was therefore diagnosed with stage IV HR‐NB.

![Cranial magnetic resonance imaging (MRI) of the child with neuroblastoma (NB). (A) MRI in September 2014 (in admission). Protrusions on right occipital brain indicate skulls destruction. Soft tissue signal shadow was seen inside and outside the cranial plate and rain tissue was compressed. (B) MRI in January 2016 (before GD2‐CAR‐T cells therapy). The signal intensity of greater wing of sphenoid bone and sella sphenoid bone was inhomogeneous and the local signal was slightly longer T1 and longer T2. The occipital cistern, and the cerebellar sulcus on both sides of the cerebral hemispherehad widened. The skull of the right occipital part is slightly thick. (C) MRI in May 2016 (18 weeks after undergoing GD2‐CAR‐T cells therapy). No abnormal signal was found in brain parenchyma. T2 signal of the right occipital region is more obvious than that of the front, and the signal of the sellar bone is still uneven, compared with Figure [1B](#ped412181-fig-0001){ref-type="fig"}. (D) MRI in February 2019 (37.5 months after CAR‐T cells therapy). The abnormal signals of right occipitotemporal, sphenoid wing and sella turcica were better than before, compared with Figure [1C](#ped412181-fig-0001){ref-type="fig"}. CAR, chimeric antigen receptor.](PED4-4-55-g001){#ped412181-fig-0001}

According to the BCH‐HR‐NB‐2007 protocol (Hong Kong NB‐N6 protocol),[^1^](#ped412181-bib-0001){ref-type="ref"}, [^2^](#ped412181-bib-0002){ref-type="ref"} the treatment schedule is 7 cycles of chemotherapy, using a regimen of cyclophosphamide, adriamycin and vincristine for Cycles 1, 2, 4 and 6; and a regimen of cisplatin and etoposide (VP16) for Cycles 3 and 5. After the second course, his tumor volume had reduced 74% (from 63.3 cm^3^ to 16.5 cm^3^). After the fourth course, his NSE level was 15.5 ng/mL and urinary VMA was 1.95 µmol/L. The mass behind his peritoneum was 2.6 cm × 1.8 cm × 3.4 cm, and it was removed completely by surgery in December 2014. Pathological biopsy confirmed it to be poorly differentiated NB. After the 7th course, the ^123^I‐metaiodobenzylguanidine (^123^I‐MIBG) scan was negative. He received ASCT in May 2015, and received isotretinoin (160 mg∙m^‐2^∙d^‐1^) for Days 1--14 and Days 29--42 of a 42‐day cycle, as maintenance therapy after ASCT. He also received intermittent RT to skull and abdomen from July 2015 to October 2015.

After ASCT, only the cranial MRI showed abnormal signals in the original site. Tumor markers were normal, and the patient had stable disease (SD). He received maintenance chemotherapy and local RT for 9 months after the ASCT, after which no progression was seen in his cranial MRI, and disease status was still SD. However, although the patient's tumor markers were normal and bone marrow minimal residue disease (MRD) was negative, his cranial MRI still showed abnormal signals (Figure [1B](#ped412181-fig-0001){ref-type="fig"}) at a routine examination after 6 months of RT and maintenance isotretinoin use.

As consolidation therapy, we decided to use 4th‐generation 4SCAR‐GD2‐modified T cells, which target disialoganglioside GD2 (a well‐characterized tumor antigen in NB) and incorporate multiple costimulatory molecules (GD2^+^/CD37^+^/CD28^+^/CD137^+^/CD27^−^/iCasp9). They are associated with better anti‐tumor efficacy than with 3rd‐generation CAR‐T, and incorporate a suicide gene, namely the inducible caspase 9 (*iCasp9*), which may improve safety and decrease the likelihood of cytokine release syndrome (CRS), a potentially life‐threatening systemic inflammatory response observed following administration of antibodies and adoptive T cell therapy, without impairing the efficacy of CAR. Lymphocytes were collected (5.2 × 10^9^) in December 2015 and pretreated in January 2016. Lymphocyte pretreatment protocol was cyclophosphamide 250 mg∙m^‐2^∙d^‐1^ for 3 days and fludarabine 25 mg∙m^‐2^∙d^‐1^ for 3 days. On the third day after the end of the pretreatment regimen, the patient was infused with 7.7 × 10^7^ CAR‐T cells (3.5 × 10^6^/kg). We used PCR on peripheral blood specimens to detect CAR‐T cells and found that the cells peaked at 6.36% on Day 14 after infusion, and remained a long time in the body (0.57% at Day 28 after infusion).

The target of CAR‐T cells was GD2, which is detected semiquantitatively by immunohistochemical testing of paraffin sections, and divided into five grades, including negative and + to 4 +.[^6^](#ped412181-bib-0006){ref-type="ref"}, [^7^](#ped412181-bib-0007){ref-type="ref"}, [^8^](#ped412181-bib-0008){ref-type="ref"} The patient's GD2 expression was 2.5 +. Functions of B cells and T cells may be modified by combining antibody genes in B cells with surface receptor genes in T cells, using lentivirus as a carrier, to create a chimeric gene. This would modify T cells to become target T cells. All T cells could be transformed into target T cells instantaneously by this method. Finally, the CAR‐T transition efficiency was 20.77%.

This patient's main adverse effect (AE) was grade 2 CRS,[^9^](#ped412181-bib-0009){ref-type="ref"} which presented as low blood pressure during the 24--48 h after infusion, fever during Days 11--14; and rash, hypoalbuminemia and edema during Days 11--17. All these symptoms were thought to be related to his CAR‐T cell level. Eighteen weeks after the infusion, cranial MRI (Figure [1C](#ped412181-fig-0001){ref-type="fig"}) showed significant abnormal signals in his right occipital tempus; at the same time, 3% CAR‐T cells were detected in his bone marrow.

After the CAR‐T cells therapy, the patient was tested for tumor biological factors, including NSE, urinary VMA and homovanillic acid (HVA), on Days 0, 7, 14, 21 and 28, Week 6, Months 2, 3 and 6, and every 6 months thereafter. We also examined his bone marrow on Days 0 and 28, Week 6, Months 3 and 6, and every 6 months thereafter, and performed B‐ultrasound or CT for any solid tumors at Week 6, Months 3 and 6, and every 6 months thereafter.

Regular examinations have shown the child to be in stable condition. Although the prognosis of NB with *MYCN* amplification is poor, this patient has SD all along. His total follow‐up time was 53.5 months overall, and 37.5 months after his CAR‐T treatment, as of February 2019. His height was 135 cm, and weight was 31 kg. Laboratory tests showed the serum NSE level was 17.5 ng/mL, LDH was 223 U/L, urinanry VMA was 3.85 µmol/L, and urinanry HVA was 0.40 µmol/L. Tumor cells were not found in his bone marrow, and marrow MRD was negative (PCR amplification of *PHOX2B*). Cranial MRI and ultrasound found no abdomen, neck or mediastinum mass (Figure [1D](#ped412181-fig-0001){ref-type="fig"}). ^123^I‐MIBG scintigraphy was also negative.

DISCUSSION {#ped412181-sec-0006}
==========

Neuroblastoma is the most common extracranial solid tumor of childhood. NB is often metastatic at the time of diagnosis, which indicates poor prognosis. Although patients in low‐risk and middle‐risk groups have better prognoses through multidisciplinary treatment, the 5‐year survival rate for HR patients is less than 50%. *MYCN* amplification or multiple bone or bone marrow metastases are associated with poor prognosis.[^4^](#ped412181-bib-0004){ref-type="ref"}, [^5^](#ped412181-bib-0005){ref-type="ref"}

CAR‐T cells are a type of immunological therapy that combines the specificity of antibodies and lethality of T cells.[^6^](#ped412181-bib-0006){ref-type="ref"}, [^7^](#ped412181-bib-0007){ref-type="ref"}, [^8^](#ped412181-bib-0008){ref-type="ref"} GD2‐CAR‐T cell is reportedly safe and effective in anti‐tumor therapy. This therapy has been the subject of a multi‐center clinical trial by a cooperative study group in China,[^9^](#ped412181-bib-0009){ref-type="ref"} in which patients with HR‐NB received 4SCAR‐GD2‐CAR‐T (GD2 expression was ≥ grade 2 + in 71% of patients) and followed‐up for 1 year; 24% of patients had no AEs, 76% had grade 1--2 AEs (including fever, rash and peripheral nerve pain), but none had AEs grade 3 or higher, which indicates that CAR‐T is safe. At 1 year after infusion, 38% of patients had SD and 15% had partial responses; the 1‐year overall survival rate was 74%. A single‐center study from the Hematology and Oncology Center of Beijing Children's Hospital summarized the CAR‐T treatment of 13 patients with HR‐NB (refractory or recurrent). All patients had grade 1--2 CRS. The total effective rate was 66.6% for 1 year among 13 patients. It also proved CAR‐T to be safe and effective.[^9^](#ped412181-bib-0009){ref-type="ref"}, [^10^](#ped412181-bib-0010){ref-type="ref"}

NB with *MYCN* gene amplification has a poor prognosis.[^11^](#ped412181-bib-0011){ref-type="ref"} The 16 children with *MYCN*‐amplified HR‐NB we recently summarized had a median progression‐free survival of 8.25 months and median overall survival of 10.75 months, which indicates that these children critically need new treatment methods.

In this case, conventional multidisciplinary treatment was unsatisfactory. To find a relatively safe, effective therapy for this patient, we choose 4SCAR‐GD2‐modified T cells as a consolidation of his maintenance treatment, after using a multidisciplinary approach of chemotherapy with RT and ASCT. He has survived for more than four years. We conclude that GD2‐CAR‐T maybe a potential safe and effective method to treat NB with *MYCN* amplification. Further large‐sample studies are needed.
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